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We have performed 31 P-NMR measurements of the c-axis-aligned poly-crystal Ce(Rui_ a: Fe :r )PO with a 
two-dimensional layered structure in order to understand the origin of Tcurie suppression by Fe substitution. 
The variation in the magnetic-fluctuation character with respect to x is investigated from the in-plane 
and out-of plane fluctuations and the relationship between the static spin susceptibility and the in-plane 
fluctuation. It was found that three-dimensional ferromagnetic (FM) correlations are dominant and give rise 
to the FM ordering in CeRuPO. The out-of plane fluctuations are significantly suppressed with increasing 
x, and it was revealed that the FM fluctuations become two dimensional near a FM quantum critical point 
(QCP). Our NMR results strongly suggest that a unique FM QCP in Ce(Rui-2,Fea;)P0 is induced by 
the suppression of the magnetic correlations along the c-axis, which is a different mechanism from that 
presumed in heavy-fermion compounds. 
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Heavy-fermion (HF) systems, in which high- 
temperature localized / electrons behave as itinerant 
electrons at low temperatures, are one of the strongest 
electron correlation systems since they have extremely 
large effective electron masses. 1 ' 2 ) This implies that 
the energy scale of the systems becomes extremely 
small, and thus their ground state can be tuned from 
the magnetically ordered state to the disordered state, 
and quantum criticality is induced relatively easily 
by controlling nonthermal external parameters. 3 ' 4 ' 
Quantum critical behavior in HF compounds has been 
considered to be induced by the competition of two 
effects: the Ruderman-Kittcl-Kasuya-Yosida (RKKY) 
interaction, which is the intersite exchange interaction 
between localized /-electron moments and induces 
magnetic ordering, and the Kondo interaction, where 
localized /-electron moments are screened by conduction 
electrons. It forms a nonmagnetic HF state. Although 
the two interactions lead to opposite ground states, 
crucial parameters for the two interactions are the 
coupling between conduction electrons and /-electrons, 
J c f, and the density of states around the Fermi energy 
D(E-p); thus, the quantum critical point (QCP) in HF 
compounds has been presumed to be induced by tuning 
the strength of J c fD(Ep). 

Up to now, there have been considerable efforts for 
understanding the nature of a QCP in various anti- 
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ferromagnetic HF compounds, but very few in ferro- 
magnetic (FM) HF compounds, particularly Ce-based 
FM HF compounds. In our previous paper, we reported 
that the continuous suppression of a FM transition in 
Ce(Rui_ a; Fe a ;)PO with an isovalent Fe substitution for 
Ru, and that the novel FM QCP in Ce(Rui_ x Fe a; )PO 
is present at x ~ 0.86. 5 ' The observed criticality is in 
sharp contrast to the FM criticality observed in other 
FM compounds. 6 ' 7 ' For example, the FM transition in 
UGe2 is gradually suppressed by applying pressure, but 
the transition changes from the second order to the first 
order at a tricritical point and the first-order metam- 
agnetic transition emerges in a small external field. 6 ' 
Similar phenomena have been observed in ZrZn2 8 ' and 
MnSi, 9 ' which are supported theoretically. 10,11 ' The na- 
ture of the quantum phase transition from the FM state 
to the paramagnetic (PM) state has been revisited and 
has attracted much interest. Here, we show from the com- 
prehensive 31 P-NMR measurements that the FM QCP in 
Ce(Rui_2,Fea;)P0 are induced by the suppression of the 
out-of-plane (c-axis) magnetic correlations, indicative of 
the tuning of the dimensionality of the magnetic corre- 
lations from three-dimensionality to two-dimensionality. 
This is a new route for inducing quantum criticality in 
not only HF compounds but also itinerant FM com- 
pounds, similarly to the case realized in supcrlattice HF 
systems. 12 ' 

The iron oxypnictide CcFc(Ru)PO is a material re- 
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Fig. 1. (Color online) T dcpcndcncess of (a) in-plane Knight shift K± and (b) low-energy in-plane spin fluctuations S± at iiqH ~ 0.5 T 
for Ce(Rui_ I Fe I ,)PO. The date above x = 0.25 has already been shown in a previous paper. 5 ' K± jumps up and S± has a peak at 
Tcurie- Tc ur ; e is determined from the peak of S±. Tc ur ie and the internal field at the P site, proportional to ordered magnetic moment 
(fi or d), continuously approach zero toward x ~ 0.86 with the substitution of Fc for Ru. These results suggest the presence of FM QCP at 
x ~ 0.86. Above x = 0.9, the spin fluctuation S± as well as K± becomes almost constant at low temperatures, indicative of the formation 
of the PM HF state. (Inset) The T dependence of K± above x = 0.87. K± shows a peak at approximately T max ~ 5 K (indicated by 
the arrows) instead of the FM order, suggestive of the PM HF ground state at low fields. 



lated to the iron-based superconductor LaFcPO. Both 
materials possess the same two-dimensional (2D) layered 
structure, stacking the Ce(La)0 and Fe(Ru)P layers al- 
ternatively. The CeO layer contributes to the large mag- 
netic response, and the Fe(Ru)P layer is conductive in 
CeFe(Ru)PO. CeRuPO is a FM HF system with a Curie 
temperature Tone = 15 K and a coherent temperature 
Tk — 10 K. 13 ) On the other hand, the counterpart Ce- 
FcPO is a HF compound with Tk — 10 K; its PM ground 
state is PM down to 80 mK. 14,15 ' Therefore, we expect 
that this ground state can be tuned continuously from 
the FM state to the PM state by substituting isovalent 
Fe for Ru. 

Polycrystalline Ce^ui-^Fc^PO compounds (x — 0, 
0.25, 0.5, 0.75, 0.85, 0.87, 0.9, 0.95, and 1) was synthe- 
sized by a solid-state reaction. 16 ) As reported in previous 
papers, 5, 15 ' these compounds possess a 2D anisotropy in 
magnetic susceptibility, so that the polycrystalline sam- 
ples were uniaxially aligned by taking advantage of such 
anisotropy. 31 P-NMR measurement was performed on 
the c-axis aligned samples. 

NMR measurement can probe static and dynamic 
magnetic properties. The Knight shift Ki(T, H) (i =± 
and c) is defined as 



Ki(T, H) 



Hp — H 1X 

Hres 



Mi(T,H res ) 

K TT ' (1) 

-"res 



where H ros is the magnetic field at the resonance peak, 
and Hq and u>q are the resonance field and frequency of a 



bare 31 P nucleus, respectively, and have the relation uj = 
7„i?o with the 31 P-nuclear gyromagnetic ratio j n . On the 
other hand, 1/Ti can be used to probe spin fluctuations 
perpendicular to the applied magnetic field, as discussed 
in a previous paper. 15 ) Therefore, 1/Ti in H || c and 
fflc are described as 



H\\c 



s c + s ± . 



(2) 



H±c 



From the two equations, we can determine the low-energy 
g-summed spin fluctuation of the in-plane (S±) and out- 
of-plane (c-axis) (S c ) components, separately. 

Figure 1 shows temperature dependences of (a) K± 
and (b) S± for Cc(Rui_ 2 Te a; )P0 (x = 0, 0.25, 0.5, 0.75, 
0.85, 0.87, 0.9, 0.95, and 1). As reported in a previous 
paper, 5 ) both and S±_ suggest the existence of the 
FM QCP at x - 0.86: T Cu ric and the internal field at the 
P site, proportional to ordered magnetic moment (// or d)j 
continuously approach zero toward x ~ 0.86 with the Fc 
substitution for Ru. At x = 0.87, spin fluctuations are 
continuously enhanced on cooling down to 70 mK, sug- 
gesting that the system is very close to the QCP. Above 
x = 0.9, S±_ and K± become almost constant at low 
temperatures, indicative of the formation of the PM HF 
state. These results indicate that the ground state con- 
tinuously changes from the FM state to the PM state 
with the Fe substitution. 

Here, we consider the effect of the Fe substitution. 
In HF compounds, a ground state changes from the 
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magnetically ordered state to the nonmagnetic HF state 
with respect to the strength of J c fD(Ep), the so-called 
Doniach scenario. 17 - 1 In the case of Ce(Rui_ a; Fe a ;)PO, 
it is considered that the Fe substitution corresponds 
to the application of chemical pressure since the ion 
radius of Fe is smaller than that of Ru. This is ac- 
tually observed in the x dependence of the unit cell 
volume in Ce(Rui_ 2: Fe a ;)P0. 5 - 1 In this case, it is ex- 
pected that J c fD(Ep) becomes stronger with increas- 
ing x, resulting in a higher coherent temperature 18 ^ and 
the suppression of FM ordering. However, the coherent 
temperature is reported to be unchanged in CcRuPO 
and CeFePO, 13 ' 14 " 1 indicating that the above scenario is 
not valid in Ce(Rui_ 2; Fe 2: )P0. To understand the ori- 
gin of Tcurie suppression by the Fe substitution, we in- 
vestigate the variation in magnetic-fluctuation charac- 
ter in Ce(Rui_ 2 ,Fe a; )P0 from the temperature depen- 
dences of S± and S c and the relationship between K± 
and {l/T x T) mc . 

Figure 2 shows the temperature dependences of S± 
and S c in Cc(Ru 1 _ :E Fe a; )PO with x = 0, 0.25, 0.75, and 
1. S c is comparable to S± and shows a clear peak at the 
Tcm-ic in CcRuPO (x = 0). This indicates that the mag- 
netic fluctuations are isotropic although the static spin 
susceptibility possesses the XY spin anisotropy above 
Tcurie- In contrast, S c is rapidly suppressed with increas- 
ing x and no anomaly in S c is observed at Tc ur i of the 
x = 0.75 sample, showing that the magnetic fluctuations 
also possess the XY spin anisotropy near the FM QCP. 

Next, we discuss the magnetic-correlation character in 
S±, predominant near Tc ur i e - Magnetic-correlation char- 
acters near the magnetic instability have been inter- 
preted using the self-consistently renormalization (SCR) 
theory in HF compounds as well as in itinerant mag- 
nets. 19 ' 20 ) In this theory, 1/T\T is determined by the pre- 
dominant low-energy spin fluctuation in g-space and the 
dimensionality of magnetic correlations. Thus, when FM 
correlations are dominant, \jT{F is proportional to the 
power law of static spin susceptibility x(q = 0), which is 
equal to the Knight shift K with respect to the dimen- 
sionality of the magnetic correlations: 

(x(q = 0) oc K (3D FM correlations), 
1 ^ \x 15 {q = 0) cx K 15 (2D FM correlations). 

Thus, the relationship between \jT\T and K gives in- 
formation on the g-space and the dimensionality of mag- 
netic correlations. 

Figure 3 shows K± vs (l/TiT) H n c oc S± for x = 0, 
0.25, 0.75, and 1. For all samples, (1/?iT)jj|| c is propor- 
tional to the power law of K \{1/TiT)h\\ c can be de- 
scribed as (l/7iT)#|| c = AK n , where A is a coefficient]. 
At CeRuPO, n ~ 1 indicates that three-dimensional 
(3D) FM correlations are dominant and give rise to FM 
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Fig. 2. (Color online) T dependences of Si (i =_L,c) at x = 0, 
0.25, 0.75, and 1. Although Sj_ gradually changes with respect to 
x, S c is rapidly suppressed, suggestive of the strong suppression 
of the out-of-plane (c-axis) magnetic correlations against the Fe 
substitution. 



ordering. The power law of K± becomes larger with in- 
creasing x, and n is nearly 1.5 at x = 0.75 close to 
the FM QCP, indicating that the FM correlations be- 
come 2D. With further substitution of Fe, the system 
goes away from the FM QCP and n ~ 2 at CeFePO 
(x = 1), indicative of the lack of critical FM fluctuations 
and formation of the 2D HF state. Figures 2 and 3 clearly 
show that FM fluctuations in the samples near the crit- 
ical concentration possess 2D anisotropy in spin and k 
spaces, respectively. In addition, the close relationship 
between the c-axis magnetic correlations and the c-axis 
spin component is suggested by the experimental fact 
that a spontaneous ordered moment points to the c-axis 
although the spin-space anisotropy above Tc m io has the 
XY-type character in CeRuPO. 2 x) 

Figure 4 shows the T — x phase diagram obtained from 



3 



J. Phys. Soc. Jpn. 



DRAFT 



100 



Ce(Ru 1x Fe x )PO 31 P-NMR 




K x (%) 

Fig. 3. (Color online) (l/TiT) H \\ c vs K± for x = 0, 0.25, 0.75, 1. 
(1/TiT)jj|| c tx S± is proportional to the power law of K±, which is 
almost equal to the static spin susceptibility x(l = 0) [(l/TiT) H ^ c 
can be described as (1/T\T) H \\ c = AK n ]. The dimensionality of 
the magnetic correlations can be determined from n on the basis 
of the SCR theory. At x = 0, n ~ 1 indicates that the 3D FM 
correlations are dominant. The power law of K± becomes larger 
with increasing x and n ~ 1.5 at x = 0.75, indicating that the 
FM correlations become 2D. With further substitution of Fe, the 
system becomes far from the FM QCP and n ~ 2 at x = 1, indica- 
tive of the lack of critical fluctuations. These results suggest that 
the dimensionality of the magnetic correlations changes from 3D to 
2D with the Fe substitution for Ru. Solid curves are visual guides. 
(Inset) (l/TiT)^|| c versus K 15 at x = 0.75. A linear relation is 
clearly observed. The dashed line is a visual guide. 



our NMR measurements. The x dependence of the power 
law n estimated from fitting between ~ Tc U ric and 100 K 
indicates that the magnetic correlation along the c-axis 
becomes weaker with increasing x, and that FM ordering 
disappears with a decrease in the dimensionality of the 
c-axis correlations. 

This scenario is consistent with the Rietveld analyses 
of X-ray diffraction, as shown in Fig. 5. The Fe sub- 
stitution increases the c-axis lattice parameter, partic- 
ularly the distance between Ce atoms along the c-axis 
in the CeO block layer, (Ce-Ce)i n tra- Therefore, (Ce- 
Ce) intra is considered to be a crucial parameter for FM 
ordering. Taking into account all results, it is concluded 
that the suppression of Xc U rie by Fe substitution is trig- 
gered by the suppression of the c-axis magnetic corre- 
lations. According to the Mermin- Wagner theorem, 22 > 
electronic spins in ideal 2D systems cannot order when 
they hold a continuous rotational symmetry. Although 
Ce(Rui_ x Fc x )PO cannot be regarded as the ideal 2D 
system, Cc(Rui_ T Fc x )PO is a rare example where To™ 
is suppressed by the tuning of the dimensionality of the 
magnetic correlations. 
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Fig. 4. (Color online) T 



x phase diagram for 



Cc(Rui- a; Fe a ;)PO. Filled circles represent Tc U ric, and filled 
diamonds correspond to the temperature where the Knight shift 
shows a peak T max . The power law n against x is estimated from 
the fitting between ~ 7c ur ; e and 100 K and plotted in the above 
panel. When the dimensionality of magnetic correlations becomes 
2D (n becomes 1.5), Tc ur ic is suppressed and the FM QCP 
appears at x ~ 0.86, suggesting that the FM QCP is induced by 
the tuning of the dimensionality of the magnetic correlations. 



In summary, we have performed 31 P-NMR measure- 
ments on Cc(Rui_ 2; Fc a ;)PO to investigate the x depen- 
dence of magnetic correlations. We found that the FM 
QCP in Ce(Rui_ K Fe2;)PO is induced by the suppression 
of the c-axis correlations, i.e., the tuning of the dimen- 
sionality of the magnetic correlations. This mechanism is 
quite different from that presumed in HF compounds and 
itinerant FM compounds, but similar to the dimensional 
tuning realized in supcrlattice Celn3/Laln3. 12 ) Thus, Ce- 
FcPO is regarded as an ideal 2D HF compound. 
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Fig. 5. (Color online) Crystal structure of Ce(Rui_ I Fe a: )PO 
and Fe content x dependence of the c-axis length, the distance 
between the CeO block layer along the c axis (Ce-Ce)i ntcr , and the 
distance between the Ce atoms in the CeO block layer (Ce-Ce)i ntra . 
The arrows in the left figure indicate the position of each length. 
The c-axis and (Ce-Ce)i n t ra increase with increasing x, although 
(Ce-Ce); nter decreases. (Ce-Ce); ntra changes markedly with the Fe 
substitution, indicating that (Ce-Ce); ntra is the most important 
parameter to determine the dimensionality of the magnetic corre- 
lations in Ce(Rui_ :E Fe :E )PO. The dashed line of the right figure 
corresponds the concentration of the FM QCP. 
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